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(54) Optical projection system and exposure apparatus 



(57) High-performance projection lens systems are 
disclosed for use in projection-optical systems as used 
in, e.g.. rnicrolithograpny for manufacturing semicon- 
ductor devices and displays. Each lens system is tele- 
centric on both ends; the entrance and exit pupils are 
situated substantially at infinity. The lens systems 
exhibit excellent correction of the PetzvaTs sum to 
ensure image-surface evenness in a, wide exposure 
region, favorable correction of all aberrations, and large 



numerical aperture for high projection resolution. A pro- 
jection lens comprises, in order from the reticle side, a 
positive first lens group, a positive second lens groups a 
negative third lens group, a positive fourth lens group, a 
negative fifth lens group, and a positive sixth lens group. 
The projection lenses satisfy a number of quantitative 
conditions. 
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Description 

Field of the Invention, 

The present invention pertains to optica! projection systems as used in rrtaoBthography. More specifically the 
invention pertamsto optical projection systems for projecting a pattern, defined by a mask or reticle, onto a surface of 
a sensrbzed substrate as a part of an overall process for manufacturing sertconductor devices or certain types of de- 
ploy panels (e.g.. liquid crystal displays). The pattern defined by the mask essentially functions as a fret objectand the 
substrate (e.g., a wafer or plate) functions as a second object ^ 8 

Background of the invimnn 

. '"/f^ ^J,^ 0 ^ P^ertforhexposure systems have been widely used for manufacturing integrated 
creuts (e. S .. ICs end LSIs) and certain types of displays. The increased integration of ICs and LSIs has driven the 
necessrty, in the projection lenses used in such projectiormposure systems, for wider exposure regions and improved 
resolving power extending over the entire exposure region. Improving resolving power is usually addressed by shorten- 
ing the exposure wavelength and increasing the numerical aperture (MA) of the projection lens. 
, T ^T^ 6h0rt0f ° xpcSurB wavelBn ° tns ' mention has been focused on excimer lasers, notably the KrF exrimer 
( ^" n L and ! 1 L e ^ lasar (183 nm) to replace Crbeam (436 nm) and i-beam (365 nm) ultraviolet illumi- 
naton light produced by conventional highfxeEsure mercury lamps. Projection lenses have been proposed for use with 
each of these exposure wavelengths. f«i»w"rarusewnn 
To achieve a wide exposure region per exposure, the Petzval's sum of the projection lens must be reduced suffi- 
ciently to correct any image-surface curvature caused by the projection lens. Due to limitations on the overall size of an 
actual Preexposure apparatus, the length (distance between the first and second object) of the projection lens 
« usually Med. Within such constraints, R is necessary to simultaneously correct the Pefavalt sum ard <xWab^ 
nitons as well as other aberrations, ever the entire wide exposure region. Such corrections are very difficult to acrieve 
when the numencal aperture (NA) of the lens must be incraased to improve resolving power 

ft rs also important to reduce image distortions (distortion aberrations) caused by the projection lens as well as pn> 
jecton-magnificatron errors that become manifest when making overlapping exposures. To reduce pvjectiorwTiagrffi- 
cabon errors, the exit pupil is conventionally positioned at infinity (a projection lens having such a property is termed 
telocentric on the image side"). This has allowed variations in the projection magruficatjon caused by axial errors in the 
image surface (such as flatness of the substrate) or focus errors to be largely ignored 

However, with increasing demands being placed on optical performance of the projection lens as feature sizes con- 
dec '^ e ' * fe becoming impossible to ignore such factors as flatness of the mask on the object side. Conse- 
quently projection lenses that are telecentric on both sides (object side and image side) havTbeen prcposed 
Examples of such lenses are discussed in Japanese Kokai (Laid-Open) patent document no. 63-1 181 15 ntmZkai 
patent document no. 4-1 57412 (1992). and Kb**/ patent document no. 5-173065 (1993). Lenses as dsclosedTin rhest 
references. however,have numerical apertures that are too small to contribute favorably to improving resolving power. 
Also, these lenses do not achieve a satisfactory balance of correcting the Petzval's sum and correcting other aberra- 
eons. 

Summary of the tnventton 

In view of the foregoing, an object of the present invention is to provide "two-sided telecentric" ejection-optical 
systems (projection lenses) in which the entrance pupil and the exit pupil are each essentially at infinity and that exhfcit 
a satisfactory balance of correction of the Petzval's sum (to ensure flatness of the Image surface ever a wide exposure 
region) and correction of aJI aberrations while providing a sufficiently large NA lor projection-transferring pattemshrvira 
sub-micron features at high resolution. 

, J^JT 9 th6 foreooin ° objBCt - lenses are provided according to the Invention that project an image of 

a first object (e.g., a pattern on a mask) onto a second object (eg., a semiconductor wafer or other suitable substrate) 
Accortmg to a preferred errfcodrnent, such a projection lens system comprises, along an optical axis in order from the 
l!!??f ,eC L !adB: rmA < second - ^rd. tourm. fifth, and sixth lens groups. The first lens group has a positive power and a 
focal length f^the second lens group has a positive power and a focal length f 2 ; the third lens group has a negative 
pewer and a focal length f 3 ; me fburm lens grov a^ 

negative power and a focal length f 6 ; and the sixth lens group has a positive power and a focal length f K The projection 
lens 6ystem preferably satisfies the following ccntfrtional expressions: 



|E n l>L 
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|EJ>|VM 

1.0 < trf l /t 1 < 1.5 
0.04 <lfa/U< 0.06 
0.04 < p 5 /L| < 0.06 

0 6 < f e /T 4 < 1.3 

wherein Lis the axial dstance from the first object to the second object; E n is the distance from the axial vertex of a 
rnostfirst-ottf setwise lens surface of the lens system to the entrance pup8 of the lens system; E x ts the dstance from 
the axial vertex of a most 6econd-objectwise lens surface of the lens system to the exit pupil of the lens system; and bf 1 
is the distance from the axial vertex of a most secxxxi-objectwise lens surface of the first tens group to a rear focal point 
of the f irst lens group. 

The projection lens system as surmwrized above also preferably satisfies at least one of the following conditional 
expressions: 

-0.5<(EP 1 + 2P 2 yXP s <-0.2 
0.14 <f2/L< 055 

wherein £P| is the PetzvaJ's sum of the first lens group; IP 2 is the PetzvaTe sum of the second lens group; £P 3 is the 
PetzvaT6 sum of the third lens group; and 4 is the power of any lens surface in the third lens group and the fifth lens 
group. 

The projection lens system as summarized above also preferably has a power configuration in the first lens group 
characteristic of a reversed telescopic system 

In addition, projection lenses according to the invention have a projection magnification p such that |p|<1. 

The invention also encompasses projection-exposure apparatus that comprise a projection lens as summarized 
above. In adtftion to the projection lens, the projection- exposure apparatus comprises an illumination-optcaJ system for 
illuminating a reticle defining a pattern. The projection lens system receives illumination light passing through the reticle 
and projects an image of the reticle pattern onto a substrate. The illumination light is preferably an ultraviolet fight 

The foregoing and other features and advantages of the invention will be more readily apparent from the foDowing 
detailed description, which proceeds with reference to the accompanying drawings. 

Brief Description of the Drawl noa 

FIG. 1 is a schematic elevational view of a preferred embodiment of a projection-exposure apparatus comprising a 
projection lens according to the present invention. 

FIG. 2 is an optical diagram showing the lens composition of Example Embodiment 1* 
FIG. 3 is an optical diagram showing the lens conposition of Example Embodiment 2. 
FIG. 4 is an optical diagram showing the lens composition of Example Embodiment 3. 
FIG. 5 is an optical diagram snowing the lens conposition of Example Embodiment 4. 
FIG. 6 Is an optical diagram showing the lens composition of Example Embodiment 5. 
FIGS. 7(a)-7(d) are aberration plots for Example Embodiment 1. 
FIGS. 8(a)-8(d) are aberration plots for Example Embodiment 2. 
FIGS. 9{a)-9{d) are aberration plots for Example Embodiment 3. 
FIGSw 10{a)-10(d) are aberration plots for Example Embodiment 4. 
FIGS. 1 1(a)-1 1(d) are aberration plots for Example Entailment S. 

Dfitflllgd Description 

According to a preferred embotiment, projection lenses according to the present invention comprise, in order from 
the object side, a first lens group Gi having positive power, a second lens group Gfc having positive power, a third lens 
group G3 having negative power, a fourth lens group G* having positive power, a fifth lens group G5 having negative 
power, and a sixth lens group G$ having positive power. In addition, a preferred embodiment satisfies the following corv 
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drb'onal expressions: 



* J>1 n 
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Pxl>|L/W 
1.0<bf 1 /! l <1.5 
0.04 <tf 3 /L|< 0.06 
0.04 <|f 5 ^< 0.06 
0.6<f 6 4 4 <l^ 
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the entrance ^S^^e^^^S!^^ 10 818 to 
face) dcxsest to the second object to the arit uS^^^tS? ^"^'^exot the lens surface (last lens sur- 

the first lens group to the rear focal point (on the secorriJ^ ^ 6«»nd-ocjecl side of 

third lens group; f 4 is the focal lengthT^^^ 

tol length of the sixth ler»gn*T^ '^^^^^^^^mtmrnvmrntlk^ 

(sucfaS^r S^eS £e c^n!^ *" 10 «" ■» axial direction 

telecerrtrconbothfteooTectlS^ 

stons (1) and (2). abcvT 0 ^ telec8rtr,crt >' • by satisfying conditional ^J. 

measured fnxr, the axial vertex of the^ ofThS l^S^^ C^ 10 " * ^ « 

expression (1) woJd result In a signifSSSlTin^^! ^ ,e ^ a ^ conditional 
deflection of the firsHjcject (mask) surtee. 8 ( °" the 8ubstra,B ) by. tor example. 

errors such as flatness deviations of the secoSSct f 9 7 w!£?£Z ^ ^^"O 
transfer of the circuit pattern on the rrSc ( °" 6 W ^ 6ubs,rale) » * ^ errors arising during 

~SS*tt ^^ectsHefnthe 

ing the lower limit of conditional expression (3) would cause ml nri^L^ ^«b* correct the PetevaTssum. Exceed- 
l«s grot* G, to be too dose to Z^S^^^Z^^^ 0 "^ <* the first 

sufefcletotfcpc^ 

Exceeding the upper limit of condrfcna. expressi* ?££?£SZ ZZ^tEST?** Peteva) ' s *™- 
negative power close to the firsl-obiect D^^Mh^^r^^ " ** Peto/al 8 6um - However, the 

biy correct olstortion. aZlSXSff I^SLTS^ 

1 .03 and the upper limit at 1.40 by settng the tower limit of conditional expression (3) at 

a power configuration, the light tux pass^^h th a ^1 P ° S * VB By P"**** 

decrease generation of highr^ w 3ior^ ^ Bert * ™ w "9 « Possible to 

the negative distortion generated 5^^^^^,?* ^ J" 8 ***" *•»•» balances with 

third lens grc^ 03 and the S^^^^'^ "J J «■* «•» »W * 

Ing conditional expressions (4) and (5) provides a ™^n« ^ ^PNection lens. Satsfy 
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correct coma aberrations and distortion generated by the third lens onxjp G, 

*on (9 WUU bertha lower iimitofconditorj e£2 

correct sagittal coma flare generated by the fW ™**g£^ *"* ThBWOtjldmakBH impossible to favorably 

We canceling out aberrations. Such symmetry is n^n^^^^S 1 " fe <*™<caJ arxl Is thus effec- 
Conditional expression (6) stipulates LrSo ofZcTerT^l T to 1,118 invertion - 

that woUd be suitable for favorably coaectina^b^^^?*- ^f* ,ens ^ Q« and the sixth lens group C* 
quatecancellationof ^r^^^^^^^y^ (6) were not satisfied. S*£ 
We to favorably correct coma aberriVd^orT ™ S ^ rt 

H « also preferred that the felling condtonal expression be satisfied: 

■0.5<(XP 1+ iP 2 y I p 3< ^ 

result in an excessive increase in the TJZ^ m ^ btte l^^ * W "«* 

oroup Q| and the third lens group CU ConseouenHv • r!!!"" 1 ^ W Gfe compared to the first lens 

*er*h,ens 8ro upQ^ 

* .rrposaHe to correct sagittal coma flare general L^X^n^^ ^ ™ 8 ' in ,um ' ^ ™»« - 
axpresaon (7) would not create a prcttem *ith £ pSSSSJffi ^T"" *■ Smit * 
ens group Gawoukl be too weak corrpared to the neoabva JSE? ^LJ^ ° 0nvex 01 *• 

■«W Q, and the third lens eW^TnT^ * «"*» of the first 

seedier* group G^wKch^ 

lens group G, and the third lens oroup Gfe * ^ the n69atlV6 diBtortion Operated by the first 



w that 



20 



35 

ft is also preferable that the following conditional expression be satisfied: 
n 0.14 <f 2 /L< 055 

distort™. Falling beioTthe lower ^^St^^Z^T^ 0 '« *" a * <° ^4 correS 
flroup Qj to be too strong. The resuHino Qe^Z^^f } ^ W . Cau89 the P 05 *™ Power of the second lens 
« leant (ar* unacc^ab^is^a JS^ 0 "^^ ™" along with a^ 

mird^S^ ^ to be satisfied with respect to the .ens laments In the 

^^onof^^S 

" abcJe ^^^0^5 f^e^K"^ - generally 

Predion lens PL The reticle R defies th ^£SSSS 2 Hfl °" *• ^ of I 
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by a reticle stage RS and the wafer W is hekt by a wafer stage WS 

An illumination-optical system IS is deposed above the reticle r th* •« ■ .■ 
minates the reticle R by KOhlar inuminaBoo^e ^ro^SlS^™^* 1 © «*brmly By 
rs understood to be part of the illuninatkxvopticaJ LeTl* * $ ° UfC8 fe no1 shown but 

5 . projection lens PL is telocentric atleasl averted gidft . 

rnruaofroptical system , S) is at ^J^^Jtot^™ T^l * *™ ^ source (™*° the iflu- 
(transfers) fte pattern cn the retideR onto tJI^W 

w E " mnla Fm> mftlrnrfm 

subject projection lens comprises, in order from fteVefida R hS£ f'^^' * "** aw ^ e embodiment the 
« positive refractive pew, a second ler^roT^^^i!!^!" ** Ttref a tost ler» group Q, havlr« 
Active power, a fc^fensJoupS ffiS^;^^' 8,hW ' enS W<%%*52 
P-er. a* a sixth lens group U^p^^^^^J^J^ °= ^ "-0^ I.ZE 
«*«MUfr telecertrtc on both the dSXSJZ * exam P te embodiment is 

wafer (or "seccaWtfecr) sida ktSSm ITU ( ^n* 0 ***"? and the Image s«?is the 

red dstorton caused by passage of DgM through u^^t^TE.* " JST* 50 ^ «*" 

corrtributionsbythe second lens group Q* to a^ebvaTs S ^ fe , c,n ° ^ *e image side. Thus. 

The third lens group G3 conS era L^S,? 0 " ^ ^ controtled 

a b.concave lens L^, and a planoconcave lens T SrSSL T?* 06 faa ' n3 1,18 ima ° e s «*. 
8 ro ^«»^fcursurfacesha^^ 
« negative-power surfaces are also useful far ZT . achieving a desired low Petrol's sum The four 

«on by oth* ,ens fl roups InCjl^ ^ aberr8 * mS ^ to ■ a.toJng^ 

c^d theobject side, anda series of fourbicSeS L^T? "* 8 surtac8 Sg 

« L« bong toward the object side limits increases to theSfs^^'hL "l™ * 11,9 

of the second lens group G?. Thus the b^^wT « TOnner similar 10 11,9 *«*on of the lens U, 
a desired ,ow P^un?^ c 2. K^S^i oZal^ *" ^ ^ ^ 65 *S 

The fifth lens oroup Qs comprises four coSe ° XCeSS ' Ve 00,718 ,lare - 

*<^to^thein«flesW^ 

btavKave lens ^. and a negatfvTmeniSs^ L^^^^r^Tl^ bdn ° ,Wrard x*Ta 
ftst e^rrple emtxxf,ment. the aperture stop AS fe d^S^^ toward the object sida htne 

The concave surface of the concave lens U fadm, tS^Z!"^ Ls and ^ of the fifth lens group Q 5 . 
L« fac-ng toward the object side are arrant eds^ZSnv vTr^ T 1 ^ <* «^ le 4 
tha manner of a double Gauss lans. Tn^cTr^uS^^ ^er about the aperture stop AsT 
^ses Ls,. L^, abne can exhibrt the sa B ^ ^TZ^"?^^™?* ^the 

s^cc^abenatonsandfavoratc^ 
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The sixth lens group Qg comprises ten lenses, including two positive meniscus lenses Lg, , each having a con- 
vex surface facing toward the image side, a biconvex lens L«, a negative meniscus lens having concave surface 
fecir^tmrard the object side, three positive meniscus lenses L«. l«. each having a convex surface facing toward 
tn object side, a negative meniscus lens 1*8 having a concave surface facing toward the image side, and two positive 
meruscuelenses l«. L« 10 each having a convex surface fating toward the object side. By arranging the concave lens 
1-54 at a location where the light beam is greatly spread, and by providng this lens with a meniscus shape having, a con- 
cave surface facing toward the object side, spherical aberrations are efficiently corrected. 

Furfta with respect to the positive lenses of the sixth lens group, positive refractive power is contributed by a 
number of the lens surfaces in order to make as small as possible the generation of higher-order spherical aberrations 
' Z^tT"*^** * Bfl * 1 l beam 8 numerical aP"*™ NA of 0.6. In this example embodiment although the 
poww of the sorth lens group Gj >s produced by eight positive lenses and two negative lenses, the sixth lens group Gfc 

**** h P,e,erabte ** GOn " S6n * ****** aborra15ora - Also, by having the concaw su7- 
tece ftenegatjve lens l« facing toward the image side, it is possbte to achieve a favorable balance between correc- 
tion of distortion and correction of coma aberratjona 

A projection lens according to the second example embodiment is shown in FIG. 3. The second example embodi- 
mentshares many similarities with the first embodiment, with one significant difference: the first lens group O, of the 
S **™ 9 " m P ,e embodim L en1 comprises four lenses rather than three. The frst lens group G, of the second «arnple 
Z^T^TI 65 " ™" l8nS Ll1 '° biconcave len8 L 12, and two biconvex lenses L 13 . L 14 . Such a configura- 
^^Tl ^ ' faVWBb '!^ lanCe between <" higher^rder distortion and telocentric^ 

ng acrosstheentire exposure region while maintaining desirable contributions to a low Petzvars sum by the biconvex 
lens I, | and the biconcave lens L 12 . 

A projectionlens according to the third example embodiment is shown in FIG. 4. The third example embodiment ' 
TrT^^ T 10^° f ^ 6XHmpte Buttherearedifferences. Forexample. thTfirstZTgTcS 

G, of the iriird example embodiment comprises only two lenses: a positive meniscus lens L„ having a convex surface 
S^r 89 ^ abi00nVeX L »- A flroup having such a configuration is terrL^SS tS 
scopte art does not retire a negative lens In the first lens group G, . By utilizing the somewhatthick positive meniscus 
lens L n havmg a concave surface facing toward the object side, ccfxfrtiorial expression (3) can be satisfied Asa result 
a desirably low Petzvars sum can be obtained for the projection lens. . 

w* i^T r T c ! tott " thlrd , "* odimem - four (rather than three as in thefirst example embodiment) con- 

Z*£Z ^fJ^if o^ll^ 6 between the negative meniscus lens t^ (having a concave surface facing 
S^-S™, * 6 "f^ 6 men,SCUS ,ens ^ 8 wrface facing toward the image side) 

? * 8 '^ S^ 8n ^f ^J 0 ""* tense8 ^ ^ 1*7 were disposed in thte region of the project, taS.' 
In order tohvorabfy correct sphencal aberrations and coma aberrations, it is preferable to provide at leasUnree conv« 

SJD SSS^ en *° diment ebefratons ^ abenati<!!s are corrected 

favorably by these four convex lenses. • 

A projection lens according to the fourth example errtxxfiment is shown in FIG. 5. The fourth example errtodiment 
SSi ^ ^ 9 * W examp,e P0i"1 of distinction pertains to ZiSdZce! 

^t^nTS^T^ZT- b8tWeen ^ lenses Ut and of the fourth lens group G, The influence rfS 
^intXlT ^ 4lf^> T** ^ 8 balanC8 * C0rr8Cfians ^ higher-order abactions that is slightly differ- 

T^^Z^I^^ ^ examp ' e embodim8rts but achieves an overall perlbrrrance that 
is almost identical to the other exanpte errtxxf merits. 

reJ£2S«!r ^1^° m eXamp,e emb0tfimem * shown in FO. 6. The fifth exanple embodiment 
reserrttes the thrd example embodiment except that in the fifth example embodiment the first lens group G, com- 

fl^^J^ ^ aV !!. QnSL,1 ^^^^'^esL^. L 13 . BycorrfiauringftefirstlensgroupG inthe 

SSrHe^^totter " ****** ** """^ ,ens L '" the PetzvalTsum of the 

i MIT 1 ? j^^ 6 ^^^^ 9 ^!^!^. I*,. l« 8 are disposed between the negative lenses 
^ and in the sixm lens g^ G« in a manner simiJar to 

S^^lSL^ Z*° ** 8110,6 01 ^ ^ 8 balance 18 achi8 ^ h the corrections of field curvature, 
spherical aberrations, and coma aberrations. 

r^^tlt "5 Pf ° Vi ^ ph) ! iCalda1afor 01 ernbodimems 1-5, respectively. In the tables, the 

^ ^ surface numbers from the object side (retide wJe); the second column Oabeled 7") lists the respec- 

^'fll^ 8 ^^^ SUrfaC8; ^ ,ists ajdal b ^ adjacenT^ 

n^^rSSjf^ ^l' 8 !^" 8 ^ maferial: ^ the ,inh co,umn liste »»e corresponding lens-group 
ra^forfte lenses. The .refractive indices n of fused silica (SiO^ and calcium fluoride (CaFj) toran exposure wave- 
length of 193.4 ran are as follows: 



SiOg: n« 1.56019 
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CaF 2 : n- 1.50138 



G3 and the fifth lens group G,; ffni , Is the arXTSSJSS ?HT™ ^ * amo " 9 «"» *W l«* gnx* 
thai surface; and |* - q ptrJnl to leS^^lTo^ l^^^f 81 " * fte tBtmc6v * ^« of the lens havirS 
having a maxirr^ pow» f ttw othTSs^ iftt^X "P™*™ B» * satisfied tor a lens surface 

isfy conditional exp^bn ( ™ Wrd lens group Q3 and the fifth lens group G, naturally sat- 



8 



EP0828172A1 



as 



30 



so 



SB 




Sio, 



SiOj 



40 15 



20 



21 -122.25791 28.000000 



G» 



Table l 

iBxamnle Einhr U ^ T nen t : ^ 

£ d 

w " reticle 103.390978 

1 -453.18731 17.000000 S iO, 

2 370.52697 13.613089 

3 710.84358 26.000000 Si Q 2 

4 -350.78200 1.000000 
*> 5 367.53957 28.000000 S iO 

6 -567.47540 1.000000 

7 289.50734 29.000000 S iO 

8 "899.09021 1.000000 

9 199.4S895 23.000000 Sio 

10 103.61200 15.764153 

11 188.56105 25.800000 

12 -574.20881 4.242446 

13 3000.00000 16.616840 

14 118.18165 21.762847 
-336.11504 15.000000 SiO, 

16 161.39927 25.871656 

" -120.57109 15.000000 SiO, 

18 " 33.995810 

19 -2985.44349 36.979230 
150.10550 11.683590 



G 3 



G, 



SiO, G4 
S iO a G 4 
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10 



15 



SO 



25 



30 



40 



45 



37 



so 44 



ss 



Aperture 24.400000 
stop 



SiO, 
SiO, 



-?urf- r d 

22 -204.99200 1.000000 

23 » 29.240000 

24 -312.57215 1.000000 

25 965.45342 27.000000 

26 -643.40298 1.000000 

27 25B. 67450 39.000000 C aP, 

28 -2967.14698 1.000000 

29 246.35328 35.600000 CaFj 

30 -2970.04481 1.000000 

31 " 24.000000 SiO,- 

32 1S7. 63171 10.667015 

33 234.15227 17.000000 Si o 2 

34 157.66180 32.592494 

35 -200.72428 15.000000 

36 432.89447 37.939196 



SiO, 



SiO, 



38 -175.71116 17.000000 

39 -2985.98357 1.000000 

40 -2985.99700 35.500000 CaPj 

41 -169.63629 1.000000 

42 -3000.00000 24.400000 siO, 

43 -350.29744 1.000000 
362.38815 46.500000 C aP, 

45 -361.31567 10.870000 
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Surf. 



Mat'l 



Group 



46 


-251.97148 


23.000000 


Si0 2 


G« 


47 


-662.28158 


1.000000 






46 


238.98700 


38.100000 


CaP 2 


o« 


49 


1994.63265 


1.000000 






50 


211.51173 


33.400000 


CaF 2 




51 


720.00000 


1.000000 






52 


129.92966 


46.000000 


CaF 2 


G« 


53 


669.85166 


2.783304 






54 


970.74182 


19.986222 


SiO, 


G« 


55 


78.20244 


6.273142 






56 


86.12755 


32.522737 


Si0 2 


G 6 


57 


230.00000 


2.862460 






58 


232.22064 


44.183443 


SiO, 


g« 


59 


350.03691 


19.466219 






60 


Wafer 









Table 2 

(Example Embodiment- 2) 



Surf. 



Mat'l 



Group 



0 


Reticle 


80.005623 






1 


3000.00000 


17.000000 


SiO a 




2 


-1100.07662 


7.000000 






3 


-382.34142 


17.000000 


SiO a 




4 


370.98157 


19.096933 
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Surf. r j 

— — 2 Mat'l Gram 



10 



30 18 



20 

ss 



Ox 



SiO, Gj 
Si0 2 G , 



5 741.43231 26.000000 si0 2 

6 -346.96815 1.000000 

7 378.55115 28.000000 siO, Gl 

8 -618.11456 1.000000 

9 291.02156 29.000000 SiO, Gj 
15 10 -960.02967 1.000000 

11 213.50227 23.000000 

12 102.07483 15.012850 
so ,, 

13 181.74774 25.800000 

14 -533.56895 1.000000 
x 15 2712.39289 16.616840 SiO, Gj 

16 121.06433 20.547736 

17 -296.23495 15.000000 SiO, G , 
161.25942 25.185487 

19 -118.38102 15.000000 siO, G , 
• 33.572517 

21 -2884.98321 36.979230 SiO a Gj 

22 -146.43548 11.683590 

« 23 -120.69431 28.000000 SiO, G . 

24 -204.17381 1.000000 

m 25 29.240000 SiO, G 4 

26 -312.30286 1.000000 

27 903.22838 27.000000 SiO, G « 
» 28 -665.97951 1.000000 

29 260.25775 39.000000 C aF a G< 
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Si0 2 



Si0 2 



Si0 2 



Surf. r d 

30 -2965.88489 1.000000 

31 239.96625 35.600000 *CaF 2 

32 -3000.00000 1.000000 

33 » 24.000000 

34 153.46592 10.823731 

35 231.12502 17.000000 

36 157.10450 32.398005 

37 -195.18116 15.000000 

38 443.35877 37.069128 

39 Aperture 24.400000 

Stop 

40 -175.99683 17.000000 Si0 2 

41 -2899.97402 1.000000 

42 -2966.55706 35.500000 CaF 2 

43 -188.48712 1.000000 

44 -3000.00000 24.400000 SiO a 

45 -353.86205 1,000000 

46 361.05640 46.500000 CaF 3 

47 -362.74962 10.870000 

48 -252.13935 23.000000 SiO a 

49 -639.45695 1.000000 

50 247.94411 38.100000 CaF 2 

51 2772.28294 1.000000 

52 215.80752 33.400000 CaF 2 

53 741.95006 1.000000 



Mat'l Group 
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— £ d MatM 

5 54 129.48833 46.000000 C aF 2 Gs 

55 603.00127 2.812610 

10 56 838.71234 21.000000 si0 3 Gfi 

57 78.85022 5.688924 



is 



so 



$5 



40 



45 



SO 



58 86.96257 33.318579 Si0 2 Gfi 

59 230.00000 1.975770 

« 232.95189 44.943637 S i0 2 Gfi 

61 350.55917 19.466219 

62 Wafer 



23 Table 3 



so Surf. 



Mat'l 



Group 



0 


reticle 


87.842324 






1 


-351.29858 


74.258738 


SiO, 


Gi 


2 


-298.15798 


0.500000 






3 


553.95876 


25.000000 


SiO a 




4 


-617.71850 


0.500000 






5 


253.09163 


25. 500000 


Si0 2 




6 


-3777.33056 


0.500000 






7 


190.14717 


27.805896 


Si0 2 




8 


105.42692 


15.9125B7 






9 


201.82417 


20.000000 


Si0 2 




10 


-584.55642 


0.500000. 







55 
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11 3000.00000 19.095104 SiO, 

12 105.34607 23.338450 

13 -337.23699 15.382167 SiO, 

14 248.69492 21.216782 

15 -133.88017 15.448042 SiO, 

16 2973.13758 47.591478 

17 -5000.00000 26.416153 SiO, 

18 -169.8575B 13.500000 

19 -125.21057 33.670949 SiO, 

20 -220.03085 0.500000 

21 • 26.520978 SiO, 

22 -325.33259 0.500000 

23 736.93850 29.000000 SiO, 

24 -560.64661 0.500000 

25 366.01277 28.000000 SiO, 

26 -3481.04946 0.500000 

27 242.17825 45.121070 CaF, 

28 -5000.00000 0.500000 

29 » 34.715089 

30 152.12354 11.669230 

31 237.82697 16.443006 

32 154.91919 38.109146 

33 -185.64902 14.321328 

34 5S9. 07808 26.892063 



SiO, 



SiO, 



SiO, 
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Surf - £ d Mat'l Group 

35 Aperture 21.952360 

stop 

36 -147.25357 17.830696 SiO a G 5 

37 w 0.500000 

38 5000.00000 32.000000 CaF a G 6 

39 -170.72868 0.500000 

40 -930.41140 21.00000 SiO, G 6 

41 -289.67853 0.500000 

42 403.38962 38.720628 CaF a G* 

43 -327.35127 9.017132 

44 -229.80012 21.000000 SiO a G 6 

45 -1820.23082 0.500000 

46 535.39152 26.000000 CaF a G 6 

47 -988.48090 0.500000 

48 327.47057 27.500000 SiO a G 6 

49 4987.19075 0.500000 

50 253.24680 27.500000 CaF a G € 

51 1316.11991 0.500000 

52 132.63747 42.963984 CaF a G 6 

53 629.46057 1.800000 

54 868.98502 35.719214 SiO a G« 

55 80.85953 6.365035 

56 88.09767 39.251047 CaF a G 6 

57 355.00000 0.530420 

58 351.07133 45.922298 SiO a G c 
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Surf. 


r 


d 


Mat* 1 


Group 


59 


436.07534 14.155299 






60 


Wafer 


Table 4 








ifixamsle embodiment 4} 




Surf . 


r 


d 


Mat'l 


Group 


0 


reticle 


86.313742 






1 


-433.57842 


74.258738 


Si0 2 


<h 


2 


-331.50654 


0.500000 






3 


559. 96288 


25.000000 


Si0 2 


G, 


4 


-583.13377 


0.50000 






5 


262. 88205 


25.50000 


Si0 3 


G, 


6 


-2712.40287 


0.50000 






7 


193.77173 


26.000000 


3i0 3 


G 2 


8 


107.21122 


12.619545 






9 


190.85163 


20.000000 


Si0 3 


G, 


10 


-560.78221 


0.500000 






11 


4482.98861 


19.095104 


Si0 2 


G 3 


12 


109.25270 


19.036007 






13 


-562.52015 


15.382167 


S10 2 


G, 


14 


184.00884 


23.167680 






15 


-117.90615 


15.448042 


Si0 3 


G, 


16 


5000.00000 


48.718404 






17 


5000.00000 


26.416153 


SiO a 


G« 
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Surf - 


r 


d 


Mat' 1 


Group 


18 


-165.73836 


31.081545 






19 


-124.20414 


31.565534 


SiO a 


G« 


20 


-203.09274 


0.500000 






21 


-4915.52505 


26.520978 


Si0 2 


G 4 


22 


-321.56546 


0.500000 






23 


509.82729 


29.000000 


Si0 3 


G« 


24 


-906.29678 


0.500000 






25 


360.83202 


28.000000 


Si0 2 


G« 


26 


-2069.90140 


0.500000 






27 


246.84262 


32.884285 


CaFj 


G* 


28 


-3200.00000 


0.500000 






29 


-4980.60583 


46.093480 


SiO a 


G 5 


30 


148.03902 


11.669230 






31 


234.61256 


16.443006 


Si0 2 


Os 


32 


153.45418 


31.004339 






33 


-188.95798 


14.321328 


3i0 2 


G 5 


34 


500.84043 


26.892063 






35 


Aperture 
Stop 


18.228745 






36 


-167.99189 


30.216688 


Si0 2 


Os 


37 


5000.00000 


0.500000 






38 


3130.64989 


32.000000 


CaF 2 


G« 


39 


-188.11418 


0.500000 






40 


-1898.83868 


21.000000 


SiO a 




41 


-330.33425 


0.500000 
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Mat'l 



SiOj 



« 336.89888 38.720628 C aF a 

« -378.84873 9.985852 

44 -244.09971 21.000000 

45 -2680.44816 0.500000 

46 359.48999 26.00000 C aP, 

47 -5000.00000 0.50Q000 

48 391.78229 27.500000 SiO, 

49 -5000.00000 0.500000 

50 248.57500 27.500000 C aP a 

51 723.23935 0.500000 

52 123.06548 42.963984 C aF a 

53 568.02920 1.929341 

54 798.40481 21.145491 S iO a 

55 80.88243 6.365035 

5 « 89.63627 39.251047 C aP a 

57 -3000.00000 0.530420 

58 -4944.71373 46.500000 Si0l 

59 442.15484 18.732427 

60 Wafer 
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Table 5 



5 




(Example Embodiment 5) 








Surf. 


r 


d 


Mat'l 


Group 


10 


0 


reticle 


69.936439 








1 


-278.31968 


24.324989 


Si0 2 


Qi 




2 


358.97399 


14.000000 






15 


3 
4 


630.65888 
-279.63900 


32.000000 
0.500000 


Si0 2 




20 


5 
6 


324.80109 
-569.64601 


30.000000 
0.500000 


Si0 2 






7 


254.51115 


30.000000 


Si0 2 


o 2 


25 


G 


-2773.53473 


0.500000 








9 


188.08534 


26.000000 


Si0 2 




30 


10 


98.24738 


16.726944 








11 


192.49488 


23.000000 


Si0 2 


G 2 




12 


-556.35255 


0.500000 






35 


13 
14 


4619.33310 
116.41300 


19.095104 
18.338460 


Si0 2 


G, 


40 


15 
16 


-1099.49346 
190.51069 


15.382167 
26.216782 


Si0 2 


g, 




17 


-132.37738 


15.448042 


Si0 2 




45 


18 


1189.93256 


57.729814 








19 


-5000.00000 


26.416153 


Si0 2 


G« 


50 


20 


-203.62120 


17.048271 








21 


-123.56550 


26.327345 


SiO a 


G 4 



55 
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Surf. 



Mat'l 



Group 



22 

23 

24 

25 

26 

27 

28 

29 

30 

31- 

32 

33 

34 

35 

36 

37 

38 
39 
40 
41 
42 
43 
44 
45 



-204.21523 

CD 

-345.79464 
584.04620 
-602.24304 
421.56019 
-1123.34423 
246.29006 
-5000.00000 

159.19296 

281.83642 

175.89651 

-193.86521 

373.19656 

Aperture 
stop 

-151.07311 

oo 

5000.00000 
-182.33571 
-1290.51915 
-281.02753 
389.15318 
-363.76526 



0.500000 
26.520978 

0.500000 
29.000000 

0.500000 
28.000000 

0.500000 
41.457735 

0.500000 
31.780371 
11.669230 
16.443006 
28.590762 
14.321328 
26.892063 
20.226657 

18.537276 
0.500000 

32.000000 
0.500000 

21.000000 
0.500000 

38.720628 

10.923296 



Si0 2 



SiO, 



SiO a 



CaPj 



Si0 2 



SiO, 



Si0 3 



G 4 



SiO, 



CaF, 



SiO a 



CaF 2 



64 



G« 



G 5 



G 6 
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Surf. r . d Mat'l 



46 


-227.45443 


21.000000 


Si0 2 




47 


-1226.77556 


0.500000 






46 


490.61591 


26.000000 


CaF, 


G« 


49 


-1451.02767 


0.500000 






SO 


342.24280 


27.500000 


SiO, 


G s 


51 


CD 


0.500000 






52 


245.62492 


27.500000 


CaF, 


G t 


53 


1282.50070 


27.500000 






54 


134.57766 


42.963964 


CaP, 


G« 


55 


635.87829 


3.137255 






56 


951.66806 


33.023520 


SiO, 


G« 


57 


83.44325 


6.365035 






58 


91.79955 


39.251047 


CaP, 


G« 


59 


355.00000 


0.530420 






60 


341.48270 


46.500000 


SIO, 


G« 


61 


465.17186 


14.155299 






62 


Wafer 
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Table 6 



10 



is 



25 



35 



Cord. Exp 


Variable 


Embodiment Number 






1 


2 


3 


4 


5 


(D 


En 


4040.2 


4143.5 


3221.0 


3098.6 


3315.9 




L 


1200 


1200 


1200 


1200 


1200 


(2) 




-19785.5 


-21729.2 


-16530.8 


-16521.4 


-17323.4 




P 


-0.25 


-0.25 


•0.25 


-0.25 


-0.25 






4800 


4800 


4800 


4800 


4800 


(3) 


bt, 


425.457 


374.783 


426.000 


404.945 


415.223 




u 


402.204 


361.596 


405.169 


390.801 


375.243 






1.058 


1.036 


1.051 


1.036 


1.107 


(4) 




-58.747 


-58.282 


-63 470 


•61.333 


-66.475 




w 


0.049 


0.049 


0.053 


0.051 


0.055 


(5> 




•64.565 


-63.925 


-58.541 


-60.395 


-60.039 




ivm 


0.054 


0.053 


0.049 


0.050 


0.050 


(6) 


u 


123.634 


122.810 


128.251 


131.647 


131.280 




h 


109.563 


108.667 


103.822 


106.137 


105.207 






0.886 


0.886 


0.810 


0.806 


0.801 


(7) 


p] 


-0.422 


-0.431 


-0.442 


-0.453 


-0.357 


(8) 


h 


258.588 


266.756 


266.822 


255.282 


275.357 






0.215 


0.222 


0.222 


0.213 


0.229 


0) 


s 


14 


19 


8 


12 


14 




r mtn 


118.18165 


-118.38102 


105.42692 


109.25270 


116.41300 




n 


1.56019 


1.56019 


1.56019 


1.56019 


1.56019 






5.688 


5.679 


6.376 


6.153 


5.775 



40 FIGS. 7(a)-7(d) provide plots of spherical aberration, astigmatism, cSstortion, and lateral aberrations, respectively, 
for Example Embodiment 1. FIGS. 8(a)-8(d), 9(a)-9(d}, 10(a)-10(d). and 11(a)-11(d) provide simitar plots for Example 
Embodiments 2-5, respectively. In each of FIGS. 7(b). 8(b), 9(b), 10(b). and 1 1(b), the dashed curve pertains to the 
meridional image surface and the solid line pertains to the sagittal image surface. 

As can be clearly 6een from the aberration plots, each of Example Embodiments 1-5 pro/ides highly favorable 

45 imaging performance. 

Although a projection-exposure apparatus according to the present invention preferably utilizes light from a 193.4- 
nm exomer laser for exposure, the invention is not limited to such a light source. Extreme ultraviolet light sources such 
as any of various other excimer lasers (e.g. f KrF laser producing a light wavelength of 248.4 nm), high-pressure mer- 
cury arc lamps (generating, e.g.. i-tina light of 365 nm), or ofrer suitable light sources generating light In the extreme 
so ultraviolet region can be utilized. 

The example embodiments comprised lens elements made from either of two types of optical materials to correct 
color aberrations while taking into account the spectrum width of the exposure wavelength. However, improvements in 
the technology for further narrowing the oscillation wavelength of an excimer laser could allow projection lenses accord- 
ing to this invention to be made of a single optical material, which would lower costs. Alternatively, a plurality of optical 
ss materials to correct color aberrations arising from use of fight having an won wider spectrum can be used in the pro- 
jection lenses to improve throughput 

Therefore, projection lenses according to this invention are telocentric on both sides and provide a high degree of 
balanced aberration correction and a high numerical aperture for high-resolution exposur . Specifically, distortion, 
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coma, and PeWs sum are favorably corrected to a fine degree 

■-SSitSt^ a* muKpie exarrp.e 

is intended to encorrpass MfZZ Z^-ZI^^ «"**'™nts. On fne contrary, the canton 

of the invention aTdefined bythe a^Sd d^T be i " duded ^ «PM and scop 



Claims 



W ft. prcecton lens havr 0 an entrance p^, a™, an exit pc^. and exn^rXojecton magnificat ft 
(c) the projection lens system satisfying conditional expressions as follows: 

|E„I>L 
|E X | > |iyp| 
1.0 < of < 1.5 

0.04 «|f 8 /l|< 0.06 
0.04 <|f 5 AJ< 0.06 
0.6<f B rt 4 < t.3 

wherein Lis an axial distance from the first object to the second obiectE isnrtkwo^- • , 

2. Tne projection lens system of ciaim 1 . satisfying at least one of the following concfrtionaJ expressions: 

■0.5<(IP 1+ EP 2 yiP a< ^ 
0.14 <fj/L< 0.25 

3. The projection lens system of daim 1, wherein the frst lens Group Q, has a do**, n,*™™*. - _ 
escopic system. 1 ^ configuration of a reversed tel- 

4. The projection lens system of daim 3, satisfying at least one of the following, conditional expressions: 

■0.5<(EP 1+ iP 2 ytp s< ^ 

0.14 < fjA. < tt25 
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70 



l*'L|<6.7 

wherein IP, is a PetzvaTs sum of the first fens group ; IP 2 is a Petzval'6 sum of the second lens group Gfe; IP 3 
Es a PetzvaTs sum of the third tens group 63; and $ is a power of any tens surface In the third lens group G3 and the 
f ifth lens group G5. 

5. The projection lens system of claim 1. wherein |f}| < 1 . 

6. The projection lens system of claim 5, satisfying at least one of the following conditional expressions: 

•0.5 < (IP ! + IP 2 yiP 3 < -0.2 

0.14 <fj/L< 0.25 

is l+'U<6.7 

wherein XP 1 is a Petzval's sum of the first lens group Gh ; IP 2 Is a PetzvaTs sum of the second lens group Gfc; IP 3 
is a Petzval's sum of the third lens group Q3; and + is a power of any lens surface in the third lens group 63 and the 
fifth lens group G5. 

so 

7. The projection lens system of daim 1 , wherein the sixth lens group G 6 comprises at least six lenses individually 
having a positive power. 

8. The projection lens 6ystem of claim 7, satisfying at least one of the following conditional expressions: 

25 

-0.5<(lP 1 + IP 2 )/lP3<-0.2 

0.14 <f 2 /L< 0.25 

30 ^•LJ<6.7 

wherein IP, is a Petzval's sum of the first fens group G, ; IP 2 is a Petzval's sum of the second lens group Q2; ^3 
is a Petzval's sum of the third lens group G3; and 4 is a power of any lens surface in the third lens group Gg and the 
fifth lens group G5. 
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9. A projection-exposure apparatus, comprising: 



(a) an illumination-opticaJ system for illuminating a reticle defining a pattern; 

(b) a projection tens system tor receiving illumination light passing through the reticle and for projecting an 
40 image of the retide pattern onto a substrate, the projection (ens comprising, in order from a reticle side to an 

substrate side: 

(i) a first lens group Gj having a positive power and a focal length f t , a second lens group Gg having a pos- 
itive power and a focal length fe ( a third lens group G3 having a negative power and a focal length f 3 , a 
45 fourth lens grotp G 4 having a positive power and a focal length f 4 , a fifth lens groip G5 having a negative 

power and a focai length %. and a sixth lens grotp Gg having a positive power and a focal length f 5 ; 
(it*) the projection lens having an entrance ptpil and an exit pupil, and exhibiting a projection magnification 
P;end 

(iii) the projection lens system satisfying conditional expressions as follows: 

59 

|Enl>»- 

|E x i>iiyw 

55 1.0 < bf ,/r 1 < 1.5 

0.04 <|f 3 /t|< 0.06 
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0.04 < p^/LI < 0.06 
0.6 <f 6 /f 4 < 1.3 

wherein Lis an axial distance from the reticle to the substrate; E n is a distance from an axial vertex of a 
most objectwise lens surface of the lens system to the entrance pupil; E x is a distance from an axial vertex 
of a most imagewise lens surface of the lens system to the exit pupil; and bf 1 is a distance from an axial 
vertex of a most imagewise lens surface of the first lens group Q 1 to a rear focal point of the first lens group 
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FIG. 1 
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